The widespread adoption of plug-in electric vehicles (PEVs) will depend on public appreciation of the potential savings in ownership costs that PEVs offer over conventional, internal combustion energy vehicles (ICEVs) and hybrid electric vehicles (HEVs), including fuel savings. This study compares the energy consumption and estimated ownership costs of various technologies for multiple drive cycles in the United States and the European Union; identifies and quantifies the impacts of the main parameters influencing the ownership costs of PEVs in comparison with other powertrains for different timeframes, vehicle classes, and technologies; and assesses under what combinations of parameters the cost of PEVs can be competitive with other powertrains.
Introduction
The cost competitiveness of different drivetrains depends on relative costs of vehicles, fuel, and other cost components. Here, we consider costs from the perspective of a consumer with sufficient foresight to consider relevant costs over the ownership period of the vehicle, or relevant cost of ownership (RCO), as suggested by Mock [1] and used by Redelbach et al. [2] and Rousseau et al. [3] . We examine how the RCO of PEVs (plug-in electric vehicles) compares to competing powertrains under various combinations of fuel consumption, annual driving distance, battery costs, and other factors that can vary significantly between different drivers in different countries. We examine ranges of these factors relevant to drivers in the United States and Germany using estimated future costs of vehicles and fuels.
To the extent that consumers choose vehicles on the basis of ownership costs, how fuel consumption is measured and reported are important. European and U.S. regulators have made or proposed updated fuel economy certification procedures to provide fuel economy estimates that are more representative of real world driving [4, 5] . Fuel economy values reported by U.S. drivers vary over a wide range [6] . Of potentially greater significance to the consumer considering a PEV purchase are vehicle prices and energy costs over the vehicle ownership period. PEV prices are driven by component costs, in particular the cost of the battery pack, but energy costs depend on fuel price and annual driving distance. For plug-in hybrid electric vehicles (PHEVs) and extended range electric vehicles (EREVs), fuel costs also depend on the utility factor (UF)-the fraction of distance driven in charge-depleting (CD) mode-which can differ widely between drivers owing to different charging frequencies and driving distances.
•
The fuel and electricity consumption as estimated by WLTP and U.S. adjusted drive cycles,
•
The future vehicle prices, estimated for year 2025, • A range of potential future battery cost estimates,
The fuel prices (reflecting ranges of possible prices in the U.S. and Germany),
The annual driving distance (ranges representative of U.S. and German drivers).
Cost Calculations
The vehicle costs are calculated from the characteristics of the components (power, energy, weight, etc.) [8] . Both the vehicle and fuel cost, based on the energy efficiency values, are then used to calculate ownership cost. Maintenance costs for year 2025 were assumed to be 0.05 (U.S. 2015 dollars per kilometer (USD 2015/km) for all powertrain types. This value was in the middle of the range suggested by Rousseau et al. [3] .
The assumptions shown in Table 1 are used to represent the near-term (year 2025) average prices of energy in Europe (Germany) and the United States and were assumed to be constant in future years. Constant electricity prices were assumed, neglecting alternative rate structures such as time-of-use, tiered rates, or special rates for PEVs.
Energy prices and average annual distance driven in the United States were based on the U.S. Energy Information Agency's Annual Energy Outlook (AEO) for 2017 reference case. Energy prices for Germany were estimated for the year 2025 based on the projected price of crude oil (Brent Spot price of 85.03 USD 2015/barrel). High and low energy prices were based on AEO 2017 High Oil Price and Low Oil Price cases. Annual distance driven in new light duty vehicles (LDVs) by U.S. drivers was taken from AEO 2016 reference case. The mileage for German drivers is taken from the latest national transport survey [15] . Cost models were used to estimate manufacturing costs for major vehicle components and subassemblies, which were then summed to give the total manufacturing cost of each vehicle in year 2025 [8] . These manufacturing cost estimates were assumed to be the same for both American and European automakers (Table 2) . Cost model parameters were assigned values based on input from U.S. DOE vehicle technology managers and industry experts who provided a range of values from highly optimistic (high case) to pessimistic (low case). The RCO was calculated from vehicle prices and other costs [3] :
where N = ownership period (years), r = discount rate (%), VKT = annual vehicle kilometers travelled.
Investment costs include the vehicle manufacturing direct costs, manufacturer mark-up (accounted for by a retail price equivalent (RPE) factor), sales tax or value-added tax, both applied to the retail price, incentive (or bonus/malus premium/charge), and initial registration/licensing fees or taxes. For the BEV in the United States, the cost of home electric vehicle service equipment (EVSE) is also included in the investment cost. Given the capacity of BEVs, charging times using only a Level 1 Residual values after a service time of 10 years were calculated using regression equations developed by Pröpfe et al. [17] for each powertrain type. These equations were developed from European vehicle sales data and may not accurately model resale values in the United States. Resale values are uncertain, particularly for PEVs, since the used PEV market is very immature. Residual values were estimated as a fraction of the total investment cost rather than purchase price, since the investment cost was assumed to approximate more closely the transaction cost as it includes incentives and fees, and since evidence suggests that incentives decrease residual values [18] . A residual value of zero was assumed after a service time of twelve years or a total distance travelled higher than 338,000 km:
where
F RPE = Retail price equivalent or mark-up factor = 1.5 [19] , C Incentives = Feebate (bonus/penalties) or incentive, see Table 3 . Incentives are shown as positive if they decrease the cost and negative if they increase the cost; C Fee, init = Fees payable upon vehicle purchase see Table 3 , Tax Sales = State sales tax, C Batt repl = Battery replacement (PHEV and BEV); we assumed no battery replacement in this paper, C Home EVSE = Average cost of installing Level 2 EVSE [20] . The incentives have a high impact on the RCO and are geographically dependent. In the United States, we considered only the federal subsidies (tax credits) for plug-ins, which depend on the battery total rated capacity in kWh as follows: 2500 U.S. dollars (USD) for each PEV with at least 5 kWh total battery capacity, plus 417 USD for each kWh in excess of 5 kWh, up to a maximum of 7500 USD. We treat these values as 2015 USD. In reality, the subsidy decreases for each automaker after the automaker sells more than 200,000 PEVs, which was neglected in this study. In Germany, the subsidies are 3000 euros (EUR) for each PHEV and 4000 EUR for each BEV [21] . Using a conversion factor of one EUR to 1.0598 USD results in 3179 USD for each PHEV and 4239 USD for each BEV. These values are also treated as 2015 USD.
We evaluated sensitivities to assumptions by examining ranges of fuel prices, battery costs, and annual distance travelled. From these results, we examined which factors are most important in the United States and Germany for cost of ownership of PHEVs and BEVs, and under what combination of conditions PHEVs and BEVs are cost-competitive with other drivetrains.
Results and Discussion
To be concise, this paper primarily focuses on ownership costs of a 2025 midsize car for average advanced technology and medium optimism cost estimates (cf. Table 2 ). In addition, we assumed a period of 10 years of ownership and that the customer is not going to change the battery pack during this period. The energy prices applied are displayed in Table 1 . The incentives applied, EVSE installation cost, and other ownership fees are displayed in Table 1 according to the geographic area. Glider costs were assumed to be the same for the United States and Europe but vary by year (cf. Table 2 ). We also assumed that after the battery guaranty period (eight years or 160,000 km travelled), the total energy capacity of the battery pack decreases by 4% each year.
Energy Consumption
Fuel and electricity (energy) consumption by different powertrains (conventional, PHEV, and BEV) are compared in Figure 1 . One can notice that the U.S. cycle, even though it is less aggressive than the WLTC, leads to higher vehicle energy consumption, especially for electrified vehicles, because of its real-world adjustment factor. The right-hand axis of Figure 1 shows the relative difference in energy consumption in the U.S. combined cycle vs. the WLTC by each vehicle type.
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To properly compare the overall cost of ownership between the United States and Germany, we need to include the manufacturing cost, the maintenance cost over the years, taxes, and fees. These are shown in Figure 3 for Germany and Figure 4 for the United States. Negative costs (incentives) are shown below the axis and the total resulting RCO is shown as a filled, red circle. For an ownership period of 10 years, only the BEV100 in both Germany and the United States seems to be cost competitive with conventionally powered cars when using the current market price as reference (cf. Figures 3 and 4) . However, as shown in Figure 5 , even though the U.S. driving cycle leads to higher energy consumption for electrified vehicles compared to the WLTC, fuel savings by PEVs are higher in Germany than in the United States because of the high price of fuel. For an ownership period of 10 years, only the BEV100 in both Germany and the United States seems to be cost competitive with conventionally powered cars when using the current market price as reference (cf. Figures 3 and 4) . However, as shown in Figure 5 , even though the U.S. driving cycle leads to higher energy consumption for electrified vehicles compared to the WLTC, fuel savings by PEVs are higher in Germany than in the United States because of the high price of fuel. 
Impacts of Other Factors
We evaluated the effect of different factors on the competitiveness of PEVs on the U.S. and German markets.
Manufacturing Cost
The battery manufacturing cost has a direct impact on the selling price of the vehicle and hence on the customer purchase decision. The heat maps below (Tables 4 and 5 ) display the RCO by powertrain for a range of manufacturing battery costs. The color of each cell in the table indicates whether the RCO is higher (red) or lower (green) in comparison to the others. Values in Tables 4 and  5 are based on the annual distance, discount rate, and fuel prices shown in Table 1 . Tables 4 and 5 show that the PEVs become more competitive as the battery cost decreases. For instance, the BEV300 becomes even more economical in the United States than conventional vehicles at battery cost of 100 USD 2015/kWh or less, for an ownership period of 10 years. 
Impacts of Other Factors
Manufacturing Cost
The battery manufacturing cost has a direct impact on the selling price of the vehicle and hence on the customer purchase decision. The heat maps below (Tables 4 and 5 ) display the RCO by powertrain for a range of manufacturing battery costs. The color of each cell in the table indicates whether the RCO is higher (red) or lower (green) in comparison to the others. Values in Tables 4 and 5 are based on the annual distance, discount rate, and fuel prices shown in Table 1 . Tables 4 and 5 show that the PEVs become more competitive as the battery cost decreases. For instance, the BEV300 becomes even more economical in the United States than conventional vehicles at battery cost of 100 USD 2015/kWh or less, for an ownership period of 10 years. As expected, the annual distance travelled by the customer will have a direct impact on the cost competiveness between different powertrains (cf. Figure 6 ); higher annual distance travel plays in favor of the PEVs. For instance, in the United States, at around 24,000 km/year for 10 years of ownership, the PHEV20 and BEV100 become more economical than the conventional spark ignition (SI) vehicle (Table 6 ). In Germany, largely owing to the higher fuel and electricity prices, the PHEV20 becomes competitive at higher distances travelled than in the United States (cf. Tables 6 and 7). Table 6 . RCO by annual distance travelled and powertrain for 10 years of ownership in the United States using the U.S. combined adjusted driving cycle as reference. 
Conventional
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Energy Price
The impact of fuel price is far more important in Europe. Table 8 shows the impact of a potential fuel price evolution in Germany. At a gasoline price of 2.38 USD 2015/L (9.01 USD 2015/gallon), the PHEV20 and the BEV100 will become more economical than conventional cars. The electricity price also plays a role in the overall cost for the owner of a PEV, as shown in Table 9 . At electricity prices as low as 0.08 USD 2015/kWh, the PHEV20 and the BEV200 become cost competitive over an ownership period of 10 years. However, the RCO of the PHEV40 or the BEV300 are higher than for conventional cars even at an electricity rate as low as 0.08 USD 2015/kWh. If carbon emissions are 
The impact of fuel price is far more important in Europe. Table 8 shows the impact of a potential fuel price evolution in Germany. At a gasoline price of 2.38 USD 2015/L (9.01 USD 2015/gallon), the PHEV20 and the BEV100 will become more economical than conventional cars. The electricity price also plays a role in the overall cost for the owner of a PEV, as shown in Table 9 . At electricity prices as low as 0.08 USD 2015/kWh, the PHEV20 and the BEV200 become cost competitive over an ownership period of 10 years. However, the RCO of the PHEV40 or the BEV300 are higher than for conventional cars even at an electricity rate as low as 0.08 USD 2015/kWh. If carbon emissions are priced, and the cost is reflected in higher fuel prices, this will tend to favour lower-carbon emitting PEVs, especially BEVs. For the combination of factors considered here (Table 1) , the U.S. gasoline price must reach 1.32 USD2015/L (5.0 USD2015/gallon) for most PEVs to become cost competitive (cf. Table 10 ). Tables 11 and 12 show how much the incentive influences the RCO of electrified vehicles. Indeed, if the incentive is suppressed in the U.S., the RCO for the BEV 100 will decrease by almost 10% and by 7% for the Split PHEV20. If PEV incentives are decreased or eliminated, this can be expected to reduce PEV market share.
Combination of Factors
We examined ranges of factors to determine what combinations enable BEVs to be cost-competitive with conventional SI vehicles. The ratio of the RCO of a BEV200 to that of a conventional SI vehicle under different assumptions is shown in Figures 7 and 8 . Those figures display the contours of a constant RCOBEV200/RCOConvSI ratio for ranges of battery costs and annual distance travelled for three different electricity prices. All others parameters remain constant (as given in Tables 1-3 ). Higher RCO of the BEV200 in comparison to the RCO of the conventional SI vehicle are shown as lighter contour lines, and the red boxes outline the contour where the RCOBEV200/RCOConvSI ratio is equal to one.
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Figure 7. RCO ratio between BEV200 and conventional SI by annual distance travelled, battery cost, and electricity price, for 10 years of ownership in Germany using WLTC as reference.
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RCO ratio between BEV200 and conventional SI by annual distance travelled, battery cost, and electricity price, for 10 years of ownership in the United States using the U.S. combined adjusted driving cycle as reference.
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Conclusions
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In Germany, mainly due to the high fuel cost for conventional vehicles, at high annual distance travelled, the BEV200 can be competitive with conventional vehicles (Figure 7) . Furthermore, the electricity price will also have an impact on both the cost ratio between BEV200 and conventional SI, and on the way the annual VKT and battery cost will affect this ratio. Indeed (cf. contours outlined in red in Figures 7 and 8) , the slope of the RCOBEV200/RCOConvSI lines increases as electricity price decreases and the difference in the energy cost per kilometer increases. As shown in Figure 8 , at high electricity prices (0.35 USD2015/kWh in the United States), while other parameters remain constant, the slope of contours become negative, since the energy cost per kilometer for the BEV is higher than that of the conventional vehicle, and the RCO ratio increases with annual distance travelled.
PEVs can be cost-competitive with other powertrains under favourable conditions. These include various combinations of high fuel prices, low battery costs, and high annual driving distances. Energy savings from PEVs, especially BEVs, are somewhat sensitive to the fuel and electricity consumption estimates. The differences in fuel costs between the WLTP and adjusted U.S. cycles indicate the importance of fuel consumption values. These differences become more important under high fuel prices. When energy costs per kilometer for PEVs and conventional vehicles differ widely (high gasoline price and low electricity price), annual distance travelled becomes an important factor and PEVs can be cost competitive at high annual VKT. When energy cost per kilometer is similar, purchase price differences are more important, and PEV cost competitiveness is more sensitive to assumptions about battery costs. Since future fuel prices are uncertain, and driving distances differ between drivers, it is difficult to predict how competitive PEVs will be, but it is important to consider the interactions of multiple factors. However, there are factors that we did not consider that influence BEV adoption, such as the difference between the acceleration performance of PEVs and conventional vehicles, the limited range of the BEV100 and BEV200, and also availability of public charging stations. 
